Although major advances have been made in the development of motor prostheses, fine motor control requires intuitive somatosensory feedback. Here we explored whether a thalamic site for a somatosensory neural prosthetic could provide natural somatic sensation to humans. Different patterns of electrical stimulation (obtained from thalamic spike trains) were applied in patients undergoing deep brain stimulation surgery. Changes in pattern produced different sensations, while preserving somatotopic representation. While most percepts were reported as 'unnatural', some stimulations produced more 'natural' sensations than others. However, the additional patterns did not elicit more 'natural' percepts than high-frequency (333 Hz) electrical stimulation. These features suggest that despite some limitations, the thalamus may be a feasible site for a somatosensory neural prosthesis and different stimulation patterns may be useful in its development.
Introduction
Impressive advances have been made in neural prostheses over the past decade. Cochlear implants are widely available to restore hearing (Haynes et al 2009, Moore and Shannon 2009 ) and retinal prostheses for vision are under investigation . Brain-computer interfaces can record and decode multiple neuronal firing to control robotic arms and/or computers in humans (Hochberg et al 2006) and non-human primates (Wessberg et al 2000 , Jackson et al 2006 . While producing motor output is important, somatosensory feedback is critical to perform smooth movements, manipulate objects and walk on uneven ground (Schwartz et al 2006) . While special sense prostheses have been developed, somatosensory restoration has only recently been attempted (Dhillon and Horch 2005) . Earlier work all focused on sensory substitution, rather than restoration (Bach-Y-Rita and Kercel 2003) . 1 Author to whom any correspondence should be addressed.
The optimal site for somatosensory restoration will depend on the level of neural injury and the type of motor control required. For example, peripheral nerve microstimulation can provide somatosensory feedback for upper extremity amputees (Dhillon and Horch 2005) . However, an individual with a more proximal injury, such as a spinal cord injury, cannot benefit from such technology; therefore, a yet more proximal site of stimulation is required. As recently demonstrated in the visual system (Pezaris and Reid 2007) , the thalamus could be a potential site for such sensory restoration. The rationale for selecting thalamus includes the clear and compact somatotopy (Lenz et al 1988) of the somatosensory relay nucleus (ventrocaudal, Vc, according to Hassler's nomenclature, Schaltenbrand and Wahren 1977) . While the cortex has been suggested for some prosthetics, the human somatosensory cortex is surgically difficult to approach: the homunculus stretches over a large (>10 cm linear) distance, is buried in the central sulcus, and the leg and foot is represented medially, between the hemispheres. In contrast, we have lots of experience in deep brain stimulation (DBS) of the Vc thalamus using stereotactic techniques in humans (Tasker et al 1982) , and an excellent safety record for such implants (Voges et al 2007) .
There are potential disadvantages in selecting the thalamus as a target for a neural prosthesis. Generally the sensations elicited by electrical stimulation are not natural, and are described as tingling, electrical shocks or paraesthesia (Ohara et al 2004 , Davis et al 1996 . This unnaturalness may relate to the more extensive processing that occurs in the central nervous system, and the variety of neural elements activated by microstimulation (Kiss et al 2003a , McIntyre et al 2004 . However, stimuli are usually applied at constant high frequency (>50 Hz) and different patterns of stimulation have only been applied in a very limited manner (Lenz et al 2000a) . Therefore we investigated the feasibility of a thalamic somatosensory neural prosthesis to provide perception of natural somatic sensation to humans. Because electrical stimulation affects axons predominantly (Kiss et al 2003a , McIntyre et al 2004 , we postulated that applying electrical stimulation in the pattern of thalamic neuronal spike trains would be more likely to produce natural perceptions. However, this was not the case. Most sensations were reported as 'unnatural' regardless of pattern applied, and high-frequency (333 Hz) stimulation was as good or better at producing natural percepts than the other patterns tested. Some of these data have been presented in abstract form (Heming et al 2008) .
Methods
Six patients who underwent micro-electrode exploration of the thalamus prior to the insertion of DBS electrodes were studied. This protocol was part of one approved by the Conjoint Health Region Ethics Board. Details of the methods used for micro-electrode recording and stimulation have been reported elsewhere (Tasker and Kiss 1995) and are only briefly reviewed here.
Microstimulation was applied in the operating room using platinum-coated tungsten electrodes (Fredrick Haere Inc., ME, USA) with exposed tips of 25-40 μm and impedance measures of 0.2-0.5 M at 1000 Hz. Cathodal square wave (0.2 ms) pulses were provided at the electrode tip and referenced to the guide tube containing the micro-electrode. Post-operatively bipolar stimulation was applied through the DBS electrode (3387, Medtronic Inc., Minneapolis, USA). The DBS macroelectrode has four contacts (each 1.5 mm long with a surface area of 6 mm 2 each), labeled 0, 1, 2, 3 from distal to proximal, and spaced 1.5 mm apart, resulting in a 10.5 mm length spanning multiple nuclei in thalamus. A monophasic constant current stimulus isolator, in combination with a stimulus generator (A360, A365 and A310, WPI, Sarasota, USA), was utilized to apply invariant high frequency and various patterns of stimulation, described in detail below. We, as well as others (Dostrovsky et al 1993) , have previously found that monophasic stimulation results in the same percepts as biphasic pulses.
During intra-operative micro-electrode brain mapping we routinely identify the kinesthetic (ventrointermediate, Vim), deep and tactile (Vc) regions of the thalamus (Kiss et al Table 1 . Psychophysical protocol, adapted from Lenz et al 1993. This questionnaire was applied after each pulse train to judge naturalness, location and quality of the sensations produced by stimulation. Subjects were also asked to report where they perceived the sensation, the projected field (PF) of the percept. There is a characteristic somatotopy with face neurons being most medial, neurons with leg receptive fields lateral, and hand/arm in between. When high-frequency stimulation is applied through a micro-electrode (5-100 μA) to these discrete thalamic regions, patients usually experience paraesthesia or tingling in an appropriate projected field (PF), or body part similar to the receptive field (RF) of neurons close to the electrode tip (Kiss et al 2003a , Davis et al 1996 , Lenz et al 1993 . When our micro-electrode passed through somatosensory thalamus, microstimulation was applied. First, as is routine for intra-operative brain mapping (Dostrovsky et al 1993) , each site was tested using 333 Hz stimulation (2-3 s train durations). Next 'natural' patterns of stimulation (3-20 s train duration) were applied. These were obtained from digitized samples of rapidly adapting (RA) tactile, slowly adapting (SA) tactile, kinesthetic (Ki) and tremor cell (TC) spike trains recorded from previous patients. After each stimulus train a validated psychophysical questionnaire (table 1), which asked the subject to rate naturalness, location, painfulness and quality of the sensation, was administered (Lenz et al 1993) . Highfrequency (333 Hz) stimulation was applied first to find a threshold, followed by RA, SA, Ki spike trains at or above the threshold. Longer pulse trains were provided for the natural patterns (up to 20 s) and in some cases higher current intensities were required to elicit sensations.
In all patients, the same high-frequency and natural pattern stimulation was applied post-operatively through the DBS macro-electrode (resistance of 0.5-2 k ). In five of these patients, DBS leads were placed in Vim thalamus, which because of the angle of insertion, resulted in the distal leads extending just to the Vc tactile thalamus border. In one patient, in whom pain was the indication for surgery, the DBS electrode was placed into tactile hand-arm thalamus. Bipolar stimulation was applied between electrode poles in the following manner: 0−/1+, 0+/1−, 1−/2+, 2−/3+, 3−/2+. In four patients, we systematically determined the threshold for perception and then applied supra-threshold currents for each pattern to determine whether current intensity could also modify the somatosensory perceptions elicited. Statistical analysis consisted of either chi-square or Fisher's exact tests for contingency. Chi-square tests were used for multiple group comparisons with large enough sample sizes, where Fisher's exact tests were used between pairs and on tests with small sample sizes. Yates' correction was used in cases where some groups held zero values. One-way analysis of variance (ANOVA) with post hoc t-tests was employed to determine whether different stimulus patterns had different thresholds.
Results
A total of 91 micro-stimulus pulse trains were applied at 28 thalamic sites, 26 of which were in tactile zones and two of which were in deep zones of Vc thalamus. A further 193 pulse trains were applied post-operatively through the macro DBS electrode using 31 contact combinations. No stimulation pattern was perceived as painful.
Projected field characteristics
The body location or projected fields (PFs) where stimulations were perceived were categorized into four groups (figure 1(A)): 'hemi-body' for percepts referred to the entire contralateral side of the body; 'large' for sensations that covered an entire limb, torso or face; 'medium' for sensations that were more localized, such as parts of limbs or multiple digits of the hand and 'small' for sensations that were highly localized such as single digits or small spots elsewhere on the body. Neither micro-nor macrostimulation produced 'hemi-body' sensations ( figure 1(C) ). A significant difference in PF sizes was found between micro-and macrostimulation (χ 2 = 7.29, df = 2, p = 0.026). While both micro-and macrostimulation were able to produce small, medium and large PFs, microstimulation produced more small than large PFs (χ 2 = 7.29, df = 1, p = 0.036) whereas macrostimulation produced approximately the same number of small and large PFs (χ 2 = 0.11, df = 1, p = 0.739). For the thalamic sites tested with microstimulation, the PF of a particular site was also compared to the RFs of the cellular activity localized to that site ( figure 1(B) ). The comparison was categorized into five groups: 'exact match' if the two fields had exactly the same size and placement; 'slightly larger/smaller' if one of the fields was completely contained within the other; 'overlapping' if the fields had areas that overlapped; 'close' if the fields were near each other on the same body part but did not overlap at all and 'completely different' if the fields were more than a few centimeters apart. Microstimulation did not produce any PFs that were 'completely different' than their respective RF, and at 16 of 27 sites there was an 'exact match' or 'slightly larger/smaller' relationship between RF and PF ( figure 1(D) ).
Sensations elicited and naturalness of the percepts
While mechanical, movement and temperature sensations were reported with some stimulation parameters, the vast majority of stimulations produced in this study by all forms of stimulation were reported as tingling (figure 2). Fisher's exact tests showed there to be significantly more tingling (55% micro, 56% macro) than mechanical (21%, p = 0.014 micro; 9%, p < 0.001 macro), movement (22%, p = 0.015 micro; 26%, p = 0.001 macro) or temperature (2%, p < 0.001 micro; 8%, p < 0.001 macro) responses. This occurred regardless of whether the stimuli were applied via micro (55% tingling) or macro-electrodes (40% tingling). In addition, few totally natural or possibly natural sensations were reported, significantly less than, rather, or totally unnatural using both microstimulation (Fisher's exact, p < 0.001) and macrostimulation (Fisher's exact, p < 0.001). In fact, there were large variations in the number of 'natural' (totally or Figure 3 . Ratings of naturalness of all percepts compared among subjects, shown as percent of their total reports. There was wide variation in the naturalness reported. Subject 1021 suffered from deafferentation pain due to a radial nerve injury. possibly natural) and 'unnatural' (totally or rather unnatural) percepts produced between subjects (figure 3).
In four subjects, post-operative testing included stimulation at supra-threshold current intensities to investigate the relationship between intensity and naturalness. All the 'natural' sensations (17 in total) were elicited when <127% of current threshold was applied (figure 4). However, it was not the case that all low-intensity stimulations produced 'natural' sensations, because 66/93 'unnatural' sensations were still elicited by stimuli applied at <127% of threshold. A significant contingency interaction was seen (Yates' corrected chi-square, χ 2 = 5.07, df = 1, p = 0.024), which ensures that the lack of 'natural' responses over 127% was not due to low numbers of 'natural' responses or low numbers of high-threshold stimulation in general. Current under 127% of threshold appears necessary but not sufficient to produce natural sensations.
The different patterns that were applied during microand macrostimulation were able to produce different qualities of sensation as well as different levels of naturalness. At 13 of 28 micro-electrode sites and 25 of 31 micro-electrode combinations, at least two different percept types were produced just by changing the stimulation pattern. For microstimulation (figure 5(A)), 333 Hz stimulation elicited the most 'natural' sensations at 23%, followed by RA (17%) and SA (16%), with the kinesthetic pattern producing no 'natural' percepts. In the case of macrostimulation ( figure 5(B) ), the patterns which produced the most 'natural' sensations were SA (17%) and 333 Hz (14%), with kinesthetic (9%) and RA (7%) producing less, and the TC spike pattern produced none.
To determine whether the thresholds for different stimulation patterns were significantly different, the thresholds for each patient and each pattern applied were considered. Macrostimulation data were normalized to the threshold range of that individual since inter-subject threshold differences were large and significant (one-way ANOVA, F = 7.01, p = 0.001). Post hoc t-tests showed that the thresholds for 333 Hz were Figure 4 . Post-operative supra-threshold stimulations and 'naturalness' of percepts obtained using macrostimulation through the DBS electrode. A limit of 127% of threshold current was chosen because no 'natural' sensations were reported above this level. The absence of reporting 'natural' percepts in the top-right quadrant suggests that a supra-threshold current of <127% is necessary to elicit 'natural' sensations. However, reports of 'unnatural' sensations for stimulations of <127% (lower left quadrant) demonstrate that low supra-threshold current was not sufficient to elicit 'natural' sensations. significantly less than other patterns (RA t = 4.98, p = 0.001; SA t = 9.05, p < 0.001; kinesthetic t = 3.85, p = 0.006; tremor t = 6.95, p < 0.001). The thresholds between other groups were similar (RA-SA t = 0.98, p = 0.36; RA-kinesthetic t = 0.51, p = 0.63; RA-tremor t = 0.11, p = 0.92; SA-kinesthetic t = 1.52, p = 0.17; SA-tremor t = 0.92, p = 0.39; kinesthetictremor t = 0.56, p = 0.60). Thus 333 Hz provides the lowest threshold to elicit percepts in the human thalamus (Dostrovsky et al 1993) .
Electrode locations and percepts elicited
We next examined the brain locations where more 'natural' sensations were elicited.
All but two sites where microstimulation was applied were in Vc tactile thalamus, where RA and SA tactile neurons are located. This may account for the lack of 'natural' percepts elicited by 'kinesthetic' patterns during microstimulation.
The DBS electrode was placed in Vim anterior to Vc thalamus in five of six patients because they were being treated for tremor. The angle of insertion and the distance between the DBS poles resulted in the system spanning multiple thalamic nuclei including ventro-oralis posterior (Vop), Vim and coming 1-2 mm anterior to Vc in these tremor cases. We compared 'naturalness' elicited by different electrode combinations post-operatively with threshold current. Cathodal stimulation applied using the most distal (or closest to Vc thalamus) contact (0) produced the highest proportion of natural sensations (4/31 = 12.9%). Stimulation applied at contact 1 produced 4/40 (10%) natural sensations, whereas contact 2 produced 2/29 (6.9%) 'natural' sensations. Cathodal stimulation was only applied through contact 3, a total of 16 times, two of which elicited a 'natural' percept. This resulted in a high proportion of 'natural' percepts, but may be accounted for on the basis of such a small number of stimulus applications. In summary, there was no significant difference between the proportion of natural percepts elicited by macrostimulation in Vop, Vim or Vc thalamus.
Discussion
In this preliminary feasibility study, we confirmed that somatotopic representation is conserved with microstimulation and discovered that different patterns and intensities of stimulation may be perceived differently at specific sites within the human thalamus. While most percepts evoked by electrical stimulation are not 'natural' per se, some were more likely to be perceived as 'natural' than others. Both micro-and macrostimulation were able to produce natural percepts and high-frequency (333 Hz) stimulation was just as likely to evoke these, as pulses obtained from 'natural' thalamic spike trains. All of these features suggest that the thalamus is a potential target for a somatosensory neural prosthetic.
The conservation of somatopy and matching of RFs and PFs in the human thalamus is not new. Several groups have reported consistency of somatotopic representation as measured by single neuronal responses and the percepts evoked with microstimulation (Dostrovsky et al 1993 , Lenz et al 1993 . In contrast to the stimulation patterns utilized by Lenz et al (2000a) , we did not produce painful sensations in our subjects. This may be because most of the subjects in our study did not suffer from chronic pain and it is known that individuals with chronic pain are more likely to experience painful percepts than those without pain (Lenz et al 2000b) . While the nature of the percepts elicited by micro-and macrostimulation was not significantly different, microstimulation produced more small PFs than macrostimulation. This is important when considering the specific purpose of a somatosensory prosthetic. For example, in devices that require only basic sensory feedback, a large lead such as those used in current DBS procedures may be sufficient. It could provide similar graded sensory intensities as microstimulation and approximately the same qualities of sensation. However, for applications in which the specific location of a sensation is required, such as separate fingers of one hand, microstimulation applied through multiple micro-electrodes may be a better option.
A surprising result of this study was that 'natural' patterns of electrical stimulation did not evoke more 'natural' sensations than that evoked by 333 Hz. If fact, some patterns such as TC patterns produced considerably fewer natural sensations. This may be because high-frequency (333 Hz) stimulation had a significantly lower threshold than other stimulation patterns. This likely had the most localized effect, activating the least number of axons and thus the least number of sensory modalities. However, different stimulation patterns applied at the same site or through the same macro-electrode combination could evoke different qualities of sensation. It is possible that by using a modulated 333 Hz stimulation, a variety of sensations may be produced.
Several limitations are important to consider when discussing these feasibility experiments.
First, microstimulation was only applied in tactile Vc thalamus, whereas macrostimulation was applied in larger areas of thalamus including Vim and Vop. Second, subjects who are potential candidates for somatosensory restoration neural prostheses will have deafferentation and possibly reorganized somatosensory thalami (Anderson et al 2006 , Lenz et al 1998 , Ohara and Lenz 2001 , Kiss et al 1994 . Fortunately even those with deafferentation due to amputation have preserved somatotopy to thalamic microstimulation (Davis et al 1996) ; therefore, this site may remain useful for the development of neural prostheses. Third, while low-current amplitudes were required, but not sufficient to elicit 'naturalness' of a percept, our use of 333 Hz initially to find threshold may have lead to this effect. Initial supra-threshold stimulations that were perceived as unnatural may have caused an entrainment of percepts. It is possible that if only nearthreshold stimulations were used, as to not incur an unnatural initial sensation, subsequent patterns may have produced different results. Fourth, high-frequency stimulation was only applied for 2-3 s and spike trains were applied for up to 20 s. Longer pulse trains may not be perceived throughout the stimulus application due to adaptation (Werner and Mountcastle 1965) and this may have contributed to the apparent similarity of the percepts evoked. Single cells in thalamus can fire in bursts of up to 500 Hz but these spike patterns are not sustained (Poggio and Mountcastle 1963 ). Yet patients with DBS electrodes placed in Vc for pain do experience paraesthesia continuously while their stimulators are turned on (Duncan et al 1991) . Finally, it is possible that cells have certain intrinsic firing patterns that must be replicated exactly to produce the same percepts. Real-time recording of cellular firing and stimulation with these spike train patterns applied in the same thalamic site may elicit more 'natural' sensations. However, it is unlikely that extracellular electrical stimulation will be able to activate only the efferent axon from a single cell. This leads to an important limitation of electrical stimulation of the nervous system generally. Injected current activates all fibers in the vicinity including those passing by. While axons do have a lower threshold for activation than cell bodies (Nowak and Bullier 1998, McIntyre et al 2004) , electrical stimulation does not discriminate an axon emanating from a nearby cell. The threshold for activation will relate to orientation, size and myelination of the fibers (Ranck 1975 , McIntyre et al 2004 . It may be possible to use modulated 333 Hz stimulation trains, or interleaved stimulations from multiple electrodes or electrode arrays to increase the 'naturalness' of percepts. However, naturalness may not be an absolute necessity and humans may be able to adapt to the percepts they experience, such that they become more natural over time.
In conclusion, the thalamus is a feasible site to target somatosensory neural prostheses. Both micro-and macrostimulation are viable options for the design, although each has different potential capacities and uses. The 'natural' spike trains used in this study did not produce more 'natural' sensations than 333 Hz stimulation, and some produced less. However, low supra-threshold stimulation intensity was necessary to elicit more 'natural' sensations. The persistence of percepts to such high-frequency stimulation requires more investigation, as does the ability to evoke sensations of body movement, joint position, touch and pain, all of which are requirements for future somatosensory neural prostheses.
